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Outline

® Brief review of natural and manmade sources and
detectors.

® Current status of data from oscillations with emphasis
on the recent measurement of 013

® Benefits of 013 and the scientific case for a new
accelerator experiment.

® Reference: The recent review of Long-Baseline for
annual reviews (2016) by Diwan, Galymov, Qian, Rubbia

http:/www.phy.bnl.gov/~diwan/talks/Brazil

| will move from basic to technical explanation in the talk.


http://www.phy.bnl.gov/~diwan/talks/Brazil

What are neutrinos ?

A particle with no electric charge. Predicted in 1930 by

Pauli, and detected in 1957 by Reines and Cowan.

It is emitted in radioactive decay. And has no other
types of interactions.

It has 1/2 unit of spin, and therefore is classifiedasa _—

Fermion (or particle of matter.)

Neutrino is extremely light.

Neutrino comes in flavors !

Neutrino is left handed ! Or has no mirror image !

Neutrinos are as nhumerous as photons in the
Universe.

Important component of dark matter. May be
responsible for matter/antimatter asym.
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What do we know and how do we know it ?

® Neutrinos are definitely massive with extremely small mass -
from the existence of oscillations.

® Neutrino is the most abundant particle of matter with
probably only 3 active types - cosmology and precision EW.

® Neutrino mass and mixing is completely different compared
to quarks. | will review backwards for simplicity.

fermion masses

direct mass limit de se De
oscillation hint: 0.05 eV
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Neutrino Detection

The neutrino has no charge and so it is invisible as it enters a detector. Only very
rarely it interacts and leaves charged particles that can be detected.

Neutrino collision on atoms in detectors produces a charged lepton. (Charged
Current)

The electron, muon, tau have very different signatures in a detector.

Neutrino can also collide and scatter away leaving observable energy.(Neutral

Current)
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How to detect, how many events ?

¢ Events = Flux (/cm?/sec)*Cross-section(cm?)*Targets

e Targets are the number of particle targets in a detector.
Detector itself serves as the target for interactions.

e 1 ton of water ~ 6 x 10%° protons and neutrons and
~3x10?%° electrons

¢ Practical experiments will have efficiency as a function of
energy.

e Typical cross sectionis 1032 cm? x Energy (GeV)

e Neutrinos from various sources have huge energy range:
eV to 10> eV.

¢ Cross sections for low energies can be extremely small.
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What is the scientific interest in neutrinos ?

matter constituents

FERMIONS spin = 112, 3/2, 512, ... *~20 yrs ago all neutrino
masses were thought to be 0

Leptons spin =1/2 Quarks spin =1/2 :
| o S and all neutrino flavors
Flavor octric Flavor Mass Sl s
charge Gev/c2 | charge distinct.

V lgtest  (0-0.13)x10° 0 W w 0.002= 25 | e\\jth new discoveries a

£ //slection 0.000511 -1 W om 0005 13 | distinct, unexpected pattern
Yy Midde 10.009-0.13)x10-9 0 [l @) cham 1.3 23 | appears to be emerging.

M) muon 0.106 ~1 $) strange 0.1 -1/3

Vi neutring* | (0.04-0.14)x10-9| 0 &) tor 173 2/3

L'!f' tau 1.777 -1 @ bottom 4.2 —1/3J

*Science of neutrinos is has deep connections to understanding of
matter, cosmology, and astrophysics.

e Existence of neutrino mass itself is physics beyond the standard
model because in the standard model there is no interaction with
right handed neutrinos. And so by definition the mass is zero.

*A new mechanism for mass generation may be needed in which
neutrinos are their own anti-particles. !



Natural Neutrino Sources on Earth’s

® The Sun
—<0.5 MeV, 10! /cm?s
—3-14 MeV, 3 x 10°/cm?s

e Cosmic rays hitting Atmosphere
—~1 GeV, ~4000/m?2/sec

¢ Radioactive decays in the Earth
—<3 MeV, 10°-107 /cm?/sec

¢ Supernova. 99% of the energy of the
explosion goes into neutrinos of all types.
~10 MeV, 20 seen in 1987.

® CMB nus. 300cm3 @ 2.7 K. (not
detectable as yet).

¢ Very high energy sources from deep space.

Pure electron neutrinos

detector

.

1.5x108 km

mix of muon
and electron

types

30 kilomes

detector



The Sun

% *® o
Neutrinos

‘ > . ~ Helium

4 protons
‘ Fusion ! S Positrons
Helium 4
Charge = +4 Charge = +2
mass =4 x 1.007276 u mass = 4.002602 u
=4.029104 Positron mass =2 x 0.00054 u

Energy released = 0.02542 u = 23.68 MeV/c2~ 3.8 x 10 -12Joules

4 Hydrogen nuclei (protons) fuse into a Helium4 nucleus and release
energy and neutrinos. Total energy from Sunis 3.8 x 10 26 Watts !

=> 680 million tons of hydrogen burns each second ! How many
neutrinos are produced each second ?

There are many other channels of solar neutrinos and so the spectrum is
quite complicated and goes up to ~15 MeV. (Standard Solar model)



Cosmic Rayvs

Altitude (km)

15 10 5 3 2 1 0

10000 =TT I T — =

E For Energy > 1 GeV E

1000 = —

N = V,+V, _

%100 H&+UE |

y ¥ 8\ .

) ¢ -

E —

107 p+n 3

3 i -

§ 1 = =

+ i et +e~ I

) T -
= [

Measurements of nt+ 1

0.1k negative muons ‘

0_01111|111|111|111|111|

0 200 400 600 800 1000

Atmospheric depth [g em—2]

From PDG 2015

\ primary cosmic ray

¥ i
.anr molecules
7 N\

1 \.-
Lo
N ’I' 14 km height
/ .\". ; | -
! \e+ ;" L muon
e- / IR
/ ¢ \\
’ PR
/ ' \
/I ‘ "N
— ., ‘/"ﬂ : \e-

neutrinos ve

There should be 3 neutrinos for each muon.

Ratio of neutrinos (e-type/mu-type) = 1/2

From high altitude muon data one can roughly
calculate neutrino flux ~ 4000 /m?/sec



Neutrinos from the sky
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Figure 25 Global view of the neutrino spectrum: vertical flux of v, + v, (heavy
solid line): v, + v, (dashed line); prompt neutrinos (dotted line): v, + v from pions
and kaons (thin solid line at high energy). The shaded region is dominated by solar
neutrinos.

From Gaisser and Honda (2002)



Human-made Neutrino Sources

Pure electron anti-
| neutrino source.
Isotropic (4Pi) beam.

® Nuclear reactors.

—<10 MeV, 6x10%° /3GW(th)
detector

e Accelerator Beam (10-120 GeV

proton) —| E—v | I
—1-100 GeV, 107/m2/GeV/MW*yr ) )

@1 km.

Pure muon neutrino (antinu) source, pulsed,
directed
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Antineutrinos / MeV / Fission

Reactor Spectra
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Power reactors produce 3 GW
of thermal energy.

Each fission has ~200 MeV.

Each fission leads to 6 beta
decays.

3%x10°J /sec

Neutrinos / sec =6

1.6x107°J/ MeV 200 MeV

Find how to calculate the spectrum from literature. (P. Vogel et al.)



Accelerator Neutrino beam
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Pions are produced in proton-carbon
collisions.

Imagine each pion that emerges from target
can be collimated to be forward to get

~10"m~>GeV ' proton™ @1km
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If neutrinos have mass; the massive states need not be the
same as the Weak interaction states. A neutrino could be
in a classic superposition of states.

Vg cos(#)  sin(6) 1
This will lead to = _ Massive
interference effects Vp —sin(#) cos(0) Vo Neutrinos

Flavored Va(t) = cos(@)rq(t) + sin(0)ve(t)

neutrinos
= Plv, —1y) = | <wplralt) > |?

—  sin%(#) cos?(@)|e—1E2t — ¢—iEnt|2

Sufficient to understand most of the physics:

o 1.27((m2 — m?)/eV?)(L/km)
(E/GeV)

Pv, — ) = sin? 26 sin

5 1.27(Am?/eV'?)(L /km)
(E/GeV)

Oscillation nodes at w/2,37 /2,57 /2, ... (7/2): Am? = 0.0025eV?.

E =1GeV, L = 494km .

P[;uﬂ_ — Vo) = 1 — sin® 26 sin



Definition

Appearance:v, — Vv, = Make beam type (a) and Detect (b)

after some distance to see if neutrino (a) tranformed to (b).

Dis — appearance:v, — Vv, = Make beam type (a) and Detect (a)

to see how many are left after traveling some distance

* In both cases we must know how many (a) type were
created and sent to the far detector. A precise
prediction in the far detector is needed.

* In the first case, we must know if any events will fake
the signature of (b) (these are called backgrounds.

* In the second we must know how many (a) to expect.



Picture with O = 45 deg
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Everything we know about neutrino properties
comes from this astonishing effect.
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http:/hitoshi.berkeley.edu/neutrino

All oscillations data
from PDG in two
parameter plot

L
P(v, —v,)=Sin’ 0Sin’(1.274m* )

Am® in eV*
L in km
E in GeV
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1Eyf = H R,
L. Wolfenstein: Oscillations need to be modified in presence of
martter.
Ve\/ e 4 ~____— v
Charged Current Neutral Current
for electron type only for all neutrino types

Additional potential for v, (7.): £ Vv2GrN, =Q/2E

Ne 1s electron number density.

The matter effect is an example of how additional phases
can affect interferometry.



Oscillations in presence of matter

Il
‘id—uf = RoH (Vi) + Hinat(vy)
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1

2 .
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dx o 4K 0 mf —m% o 0 —v‘EG'FNE

e
(3)

Looking at conversions of muon to electron neutrinos.

sin“ 26 o LAm* | |
— — ] — e .. 2 1] 2
Fe (cos 26 — a)? + sin? 26 s 4K V (@ — o8 20)% + sin” 20

This is a signed quantity

(4)

a = 2v2EGErN./Am? —
~ T6x107° x D/(gm/cc) x E,/GeV/(Am?*/eV?)

This effect present if electron neutrinos in the mix



2 neutrinos with matter effect.

P (mu > e) With matter 3 gm/cc and a> 0

0.2 e
0.15;
0.1 il
| No matter
0.05]
& NS Energy
1 2 3 4 5 GeV

Osc. probability: 0.0025 eVA2, L= 2000 km, Theta=10deg



So Far....

3 types of neutrinos

Still many unknowns about these particles, but
they play an important role in the early universe as
well as current astrophysical processes.

If they have mass there are fundamental
consequences.

Oscillation phenomenology

In next slides | will review the complete picture of
the 3 neutrinos: masses and mixing.
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Why does SNO use $300M worth of heavy water?

V, .

p
The Sun is known to emit W /.
electron neutrinos.

Charged Current

About 10! /em/sec,

But only a fraction are above

practical detection threshold. Neutral Current



Neutrino Flux
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SNO data

0. (10° cm? s7)

O,y =5.82+11.34x10°cm™ sec”™ * ~2/3 of the electron neutrinos

For Boron8 Neutrinos. turned into other types.



KamLAND
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Reactors are prolific
sources of anti-
neutrinos

~ | 029/GWqh/sec

V. +p—=>e +n
The detection reaction
is inverse beta decay.
The final state neutron
is also detected thru

absorption on
hydrogen.

Efficiency (%)

Events/0.425MeV
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The ve state
® Vo ~0.82Vv1i+0.55vs +e1°0.16 v3

e Data-BG-GeoV, '» ---. F,_,, 1l band
C Expectation based on osci. parameters 0.8
1T determined by KamLAND o SNO ? .

> B o ' 1
é - + P = 1  sin? 26, ¢  Borexino "Be | _.
5 0.8F + _ 2 HH  pp - All solar v experiments :
2 - + + 0.6} i
S . — -
A 0.6—+ H+ =e— 7 '-----------_““‘%-5 2
- - o __ ‘_i::: "‘::“-\ > -
T M S, QM
g 04 + + : pd Y | outside Sun
2T o4 Q< Om ‘.

[ 3 [ R e N y

0.21 Am? = 27 x (E/L)/1.27 03f ~ Vacuum - P = sin’fyo
- 2 . oscillations ;
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Ly/E_ (km/MeV) 1071 10° 10
Ve E,(MeV)

Kamland Reactor data determines the first two elements of
this mixing with a well-defined frequency or mass splitting.
Data from the Sun (SNO, Borexino, Gallium) is needed to
determine which one is heavier !

dm? = m%,-m?; ~ 7.5 x 10eV? 015 ~ 35°



SuperKamiokaNDE
50,000 tons of water
| 1000 photomultipliers
Cherenkov |
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Atmospheric neutrinos as a source for oscillation experiments
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Soudan g
e Prepare a pure beam of s NP
muon neutrino beam. "

e Aim it towards a large e .
muon detector. - .

e (Observe spectrum of muon
neutrinos to see
oscillations in energy.

Near Detector at NuMI Far Detector
FERMILAB Illinois SOUDAN MINE Minnesota
———— — m— e — s Iron Mountains
10 K A Wisconsin Lake Superior /e
_o - v 700n?r J“f’fva&
(< — ig = i
‘ A A . . I km
Bévi | Neutrino beam diverges MINOS
beam-pipe s 7 730 km > detector

MINOS detector °



MINQOS Detectors

*Massive
*1 kt Near detector (small
fiducial)
*5.4 kt Far detector
eSimilar as possible
esteel planes
2.5 cm thick
*1 Muon ~ 27 planes
*1.4 radiation lengths
escintillator strips
v Aant | N s *1 cm thick
Far Detector [ | AN g *4.1 cm wide

_ Wt | DI AP
3 p- | | & ) ‘i‘ |

5 £ e - *Molier radius ~3.7 cm

*\Wavelength shifting fibre optic
readout

*Multi-anode PMTs

*Magnetised (~1.3 T)




The v, state
® v, ~-(p)0.4vqi+(p)0.5v2-0.7 v3

In addition - Important confirmation of tau neutrino mixing came from OPERA

,,,,,,,,, E 1.8 —
600 V Neutrino bg)am = g 1.6 Oscillatio i
. 10.71x 10 POT ] = _
500 |- contained-vertex v, = § 1.4} 5
> : : - 1.2 ecay
Q o —— MINOS data - =
9 400 ++ — Best fit oscillations 1 g 1¢ } SK2012
2 o No oscillations c 0.8 .
qc) 300 B N\C background g 06 1 — 0.5sin” 2043 ‘
o u Q V.
Lﬁ 200 E B Cosmic-ray muons_- g
@ 0.4
100 [ £ 02
—
0'_ N |~||!~111-111-111-1— 8 A 2 3 4
0 2 4 6 8 10— 14 10 10 10 10
L/E (km/GeV) (SK 1+2+3+4)

Neutrino Energy (GeV) A2 — (7772)(E/L)/1.27

Accelerator MINOS data provides precise difference of mass for
the third element, and atmospheric SuperK data shows the
mixing to be maximal, but we do not know which is heavier.

Am? = |m3?-my?2| ~2.4x10%eV2  fy3 = 45°
p, p’ represent phases. Cannot determine sign of mass diff.



The v state again !
®ve ~0.82Vvi+0.55v2+e©0.16 v3
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Daya Bay/DC/Reno Reactor data determines that the last element (with an
unknown phase) is indeed non-zero and that the mass difference is the SAME
as the one measured in the case of the v,

Am? = |ms%-m1 22| ~ 2.4 x 103 eV? ~ 7/2(3.5MeV/1800m)/1.27

dmZ=m?3-m?3; ~ 7.5 x 10eV?



Daya Bay Experimental Method

® Reactors make lots of anti-
electron neutrinos which are easy
to detect. 2x10%°/sec for 1 GW

FAR 80t m Antineutrino Detector

Overburden 355m

e Daya Bay has 6 cores each 2.9 GW

- 17.4 GW total

" LAneardot | % . L
SR TETEIREPIR ™ & = eThe geography is ideal with hills
A o P — %

rising away from the bay.

e We have placed several detectors
close to the reactors and several
far away to see how many anti-

e %Y / electron neutrinos disappear

nt -;; = DYB near 40t g (after accounting for the 1/r2

b ; ..n l"' Overbdn 98m rEdUCtion )
‘f.. ﬁPV? E}?y (*

“Entrance IS §
e . B .*r 1k

® Location is northeast of Hong
Kong

36



Daya Bay Antineutrino Detectors (AD

automated
calibration system

{ e}

reflectors at top/
bottom of cylinder

[
'i'; .
.
L
oy |
.

photomultipliers
steel tank
radial shield

Gd-doped
liquid scintillator

outer acrylic tank

I\ysbb-b.

inner acrylic tank

7 4 e W Wy

total detector mass: ~ 110t
inner: 20 tons Gd-doped LS (d=3m)
mid: . 22 tons LS (d=4m)
outer: 40 tons mineral oil buffer (d=5m)

photosensors: 192 8"-PMTs

= | 5 m .\rf . i\rl).f (h)z liPs'ur(E‘ Lf) ]
zV“ f\'rl)?“ Lf Ph‘lll'(E? Ln)
8 “functionally identical”, 3-zone detectors reduce systematic uncertainties.

Very well defined target region

11

~



Completion of 8-AD Installation

2 X 2.9 GWth
L3
®

o L4
AD3 Ling Ao-11 NPP

EH2

o LI
ADS o 15

Ling Ao NPP
2 X 2.9 GWth

AD1 AD2

EHI1
2 X 2.9 GWth e DI
200 m = D2
— Daya Bay NPP

Two more ADs are installed in in EH2 and EH3 in the fall of 2012.



Latest Result From Daya Bay with
data up to Nov 2013.

ubtracted)
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12—
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v
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o 4+ —4— Farsite data
(] 5 - === Weighted near site data (best fit)
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- ——— Weighted near site data (no oscillation)
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5 L/ (E.) [km/MeV]
5o sin220,, = 0.084 + 0.005
Z 09

|Am2,| = (2.42 + 0.11) x 1073eV?

B S R S S SRR
Reconstructed Positron Energy (MeV)

- Using 217 days of 6 AD data and 404 days of 8 AD data.
- Total of 1.2 M events
» Improved modeling of the energy response.



NnGd Spectral Analysis Result

= Most presise measurement sin?20,, = 0.084 + 0.005
of sin%26,5 (6%)
|Am?2,| = (2.42 + 0.11) X 107 3eV?

= Measurement of effective
mass splitting |Am2,| G 13§ N
rea Ch es 40/0 > LLLL'.L.LLLLA.L.LLL;.L.LLL‘....LL;!....LL'_LL...LI_L.A..;L;'_'.'...L.il;ﬁ;j};‘jL.j;LLLL.j.LLLL.L‘.ﬁjlj_;ﬁij_'L_LLQL}L_LLLLI_;LJ'_L{.A
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I 99.7% C.L.

i ; 95.5% C.L.

3 68.3% C.L.
| 5 e PBest fit

o Consistent with muon neutrino
disappearance experiments
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o Comparable precision

N
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Number of events

Number of v, candidate events /(50 MeV

T2K: v,—v. Appearance

M. Wilking, EPS 201 3, Stokholm
i, Phys. Rev. D 88,032002 (2013)
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As of today: Oscillation of 3 massive active neutrinos is clearly the dominant effect:

V1> — ZUH‘V:'>

If neutrinos have mass:

For 3 Active neutrinos.

U, U, U : :
(U 2 Pontecorvo-Maki-Nakagawa-Sakata matrix
Uli = Upl UpZ Up3

U, U, U, (Double B decay only)
(1 0 0)\)(1 0 0 Y(cyg O sup)(cp sp O)1 O 0 )

=0 ¢, s,||0 1 O |{ 0 1 O}|-s, ¢, OfO e‘i°‘=’2 o O
—10 ¢ —10( 2+i
0 —sx €/ \0 0 : )J\—s;3 O C13J . 0 O 1)\0 o )

a
Atmospheric, Accel. | CP Violating Phase w m Majorana CP Phases

: Range defined for Am,,, Am,,
where C; =cCos eij _and S; = sIn Oij ‘?/

For two neutrino oscillation in a vacuum: (a valid approximation# many cases)
. 9 . N Al’n;L
P(v, —>v, )=sm" 20smn" (127 )
| E

CP Violating Phases: implication for Antimatter/Matter asymmetry via Leptogenesis? ‘




SUMMARY OF RESULTS FOR THREE ACTIVE v TYPES

Parameter

best-fit (+1c)

A'rn%:, (10~ 9 o

h&nﬁﬂ[10"3

(140
[142]

O

=

—F

0.
Q.

)
i

(] |
r\/v

ey
(:.-.-

—_ D Lv
O b Y o

) I ]~
A--t)__)_(". 0

0.306 (0.312 )T

5+0.08
0.42 —0.03

0.021 {0.025)7

0.018
0.015

+0.007

0.008

0.0251 £ 0.0034

Am~0.05 eV
« 9
sin“ f19
« 9
sin® #93
« 9
sin“ 613
« 9
sin“ 613
Mass Hierarchies
m2 1>
A -V, 1
= Vu
 po— VT
5 »
my2 | Lm,=
. — . -
solar~5x10"eV?2 >
: ""’l
atmospheric
~3x%103eV?2 .
atmospheric
mzz__ ~3x103eV?2
=P Sav2
”’12—— solar~5x10eV 1 __,,,%Z
— -
s
0 ¥ 0

Normal Inverted

No strong theoretical motivation

for choosing between these

hierarchies

Hierarchy, CP phase, and precise values of
mixings could be very important to gain
understanding of underlying symmetries. See
talk by Smirnov from recent meeting.




The full picture of the oscillation effect starting with pure
muon type neutrino.

Probability for v, oscillation at 1 GeV
1

Brett Viren

Probability
o o o o
o N © ©

© ©
s

o o
N W

e
-

0 200 400 600 800 1000 1200 1400 1600 800 2000
Baseline (km)

(=]

® There are precise predictions:
o

Dashed white lines
correspond to CP
violation or the
unknown phase.

Notice that for sizable
effects one needs long
distances and large

energies. ;
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Importance of neutrino mass

, ’ Right if Vz > -p/E
=
_> _>

Left y4 Z

In a moving frame with Vz

In the standard model only v. interacts with matter, vg does not interact.
Since neutrinos are produced in weak interactions only, vrdo not exist.

Handedness and Helicity are identical if particles are massless.

Particles with mass can be transformed to opposite helicity by a Lorentz
transformation.

Since massive neutrinos have no charge, is anti-vL == vg » This would
simplify our understanding and also lead to Lepton-Number violation.



0-neutrino double beta decay

SM verte

> E Mixing
i U, . maitrix

vv- W-3°

Nucl == Nuclear Process —— Nucl’

- Only practical way to test for Majorana (are neutrinos their own anti-
particles ?) nature.

- Amplitude must be «(Gr)2 therefore rate will be very small compared to
ordinary beta decay which has amplitude of Gr.

* In the decay a right-handed antineutrino is emitted and then a left-
handed neutrino is absorbed. The RH neutrino has a LH projection
only if it has a small mass = Amplitude must be c<<m/E

* Therefore OnuDBB is sensitive to Majorana neutrino mass.



Experimental double beta decay

lllll

llllll

1%Te (Cuoricino « CUORE-0)

llllll

%Ge (IGEX + HdM + GERDA-I)
1.0 138Xe (KamLAND=Zen + EXO-200)
. 0.1
Vv
0.8} —‘/)/) 1 - H (Am*<0)
-
v
\ 0\’ﬁﬁ i f& 0.01 -
S :
Z
O 0.4 Nﬂm
0.001 =
0.2
lo—‘ llll Illll llll 1 Ll
104 0.001 0.01 0.1 1
0.6 0.8 1.0
F/Q ’ Myghtest [ev]
2
2 | m . |
m — U-m. ov _ Ov 4_"pB
< ,Bﬂ> _2123 eil Vi I™ =1/T,, <G, 3 X (factors)
l: 9 9

» Must test in nuclei where single beta decay not allowed.
* (A, Z) 2 (A,Z+2) + 2 e+ 2 (anti-nu) AL=0
* (A2) 2 (A Z+2) +2e AL=2

- Lifetimes of >1026 years must be measured (with >tons of nuclel) to
reach sensitivity indicated by oscillation physics.



AM? (eV?)
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* GLOBES 2012 fit with new reactor
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fluxes, courtesy of P. Huber
“*From arXiv/1307.4699

1073

10% -7 6 5 -4 3 N2 -1
10 10 10 10 10 10 10 1

sin°20,, = 4lU_FIU ¥ = sin® 20,4 sin® 0,
ed ud

® There are indications of anomalies around ~1 eV.

e These are getting severely limited by disappearance results.




Implications of the large 013

e |t should be possible to see effects of matter
enhancement with atmospheric neutrinos and determine
the mass hierarchy => INO (India)

¢ |t should be possible to see oscillatory signal in reactor
neutrinos and determine the mass hierarchy => JUNO
(China), RENO50 (Korea), etc.

o Best possibility: An accelerator based program to get
enough statistics to perform a comprehensive
experiment with V), — Ve



Conclusion

® There is an exciting new scientific opportunity due to the discovery
that the neutrino is a superposition of 3 mass states. We do not
know all the implications of this.

® We can now measure if neutrinos violate the CP symmetry. This is
an extremely important measurement that is guaranteed !

® In the next lecture | will explore how such a measurement can be
done and the technologies needed.
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